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1. Introduction

During the past several years. millimeter-wave techniques

especially in the form of printed circuits 1 . 2 and dielectric waveguide

have been developed at a rapid pace. Many high performance

components and devices have been produced and tested as exemplified in

a recent Special Issue on Millimeter Waves of IEEE Transactions on .

Microwave Theory and Techniques 5 . In addition, studies on fundamental

characteristics of guided waves in various transmission media have

been performed and the concept of open structures has been applied to

investigate systematically the dielectric vaveguides and printed

transmission lines 6.7.8. With the advent of monolithic integrated

circuits, it becomes more important to consider the guided waves in L

various configurations containing not only the passive but also active

and nonlinear materials. As quasi-optical structures are important at

extremely high millimeter-wave frequencies, the radiating nature of

the guided wave structures must also be studied.

Over the past three years, a number of projects on the

interfacing between the active and passive structures and the waves in

semiconductor materials have been studied at the University of Texas

under the support of DMAG29-81-K-0053 from the Army Research Office.

This report summarizes all of these projects and the publications

resulting therefrom.

2. Dielectric Waveguides

V Although understanding of the guided wave natures of dielectric

waveguides for millimeter-wave integrated circuits has reached a

certain maturity, there still remains fundamental difficulty in the

2
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use of then for practical circuits. Due to their open nature, these

waveguides easily radiate at discontinuities. bends and interfaces

with active device9. A number of projects have been undertaken that

provide more useful configurations and a mechanism to interface with

printed tranmission lines.

2.1 Accurate analysis of a trapped image guide

The trapped image guide consists of a rectangular dielectric rod

placed in a metal trough so that the radiation loss at a sidevard bend

and an undesirable coupling to other parts of the circuits can be

reduced.10. Instead of the conventional effective dielectric constant

approach, an improved analysis method has been developed. In this .

techniques the field inside the trough is analyzed by the effective

dielectric constant method but the field outside the trough is

expanded in terms of Weber-Schafheitlin integrals which automatically

satisfy the electric boundary conditions on the ground plane. A mode

matching technique is implemented at the interface between the trough

interior and the external free space. Experimental data for Ku-band

agreed with the theoretical results.1 1.

2.2 Hollow image guide

The hollow image is a modification of an image guide, consisting

of a rectangular dielectric rod with a hollow core placed on a ground

plane (Fig. 1). This core can be filled with another material, if

necessary. The propagation characteristic of the guide can be

controlled with the size of the core, thereby increasing the degree of

.'" -fredom in design. The core can be used to house an active device or

. -. -- 2L § L- 2 .- '"
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to provide a tapered transition. An analysis based on the effective

dielectric constant method has been developed and the numerical

results compared with experimental data.

The hollow image guide can aIso be thought of as a directional

coupler consisting of two image guides with a dielectric overlay. The

degree of coupling can be adjusted by the thickness of the overlay (or

by size of the hollow core). The coupling characteristics have been

studied both theoretically and experimentally. The experimental study

was conducted by design, fabrication and test of a 3-dB directional 6..

coupler. Excellent agreement has been obtained between theory and

experiment12

2.3 Coupling between an image guide and a printed transmission line

Direct implementation of solid state devices in a dielectric

waveguide is undesirable for two reasons. First, any discontinuities

generated by implementation of active devices cause radiation from the

dielectric waveguide9 . Second. the most presently available devices

are designed to be implemented either in a metal waveguide or in a

printed transmission line. Therefore, a good transition between the

dielectric waveguide and the printed transmission line is useful. If

such is available, the device can be placed in a printed line

environment with good control of characteristics.

Fig. 2 shows a transition from an image guide to a microstrip

line via a number of slots in a comon ground plane1 3 . A method based

on a perturbation approach has been used for analysis and design of

the structure. In this approach, equivalent electric and magnetic

dipole moments of the slot are obtained from the modal field in the

.. ... .. . .
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microstrip line. The latter is calculated by introduction of an

equivalent waveguide model of the microstrip line. From these

electric and magnetic dipoles, the amplitude of the fundamental mode

EY excited in the image guide is calculated.

Once this information is available, a directive coupling

structure can be designed. A 15-dB five-slot Chebyshev coupler has

been designed for X-band. Theoretical and experimental results for

the coupling agree well and are essentially flat over the frequency

range of 8.5 to 10.5 GHz. The reverse coupling is better than -30 dB

though the theory predicted -40 dB.
I°

3. Quasi-Optical Structures

At extremely high frequencies, quasi-optical structures are

useful as they have minimal insertion loss between the free space to

the RF front end. Recently. a monolithically oriented configuration

has been introduced especially in the area of mixers1 4. Essentially.

the RF input is capture by a printed antenna which is a port of the

mixer circuits. LO signals are fed either via a waveguide or a

printed line and an IF is extracted by a printed line. We have

created, analyzed. designed and tested two entirely different quasi-

optical mixers, both of which are extremely well suited for monolithic

integration at millimeter-wave frequencies. One of them can also be

used as a frequency multiplier with a double sideband suppressed

carrier.

3.1 Polarization duplexed planar balanced mixer

Fig. 3 shows the polarization duplexed balanced mixer. It is

-'... -..-......- :...-.-....-...'... "--......'....';-"
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made of a slot line ring resonator which also act@ as a printed

antenna. Two mixer diodes are placed at 90 degrees apart as shown.

When this structure is illuminated with RF and LO plane wave signals

with orthogonal polarizations, a phasing is applied to each diode that

is appropriate for balanced mixer operation.

First, the characteristics of appropriate sized ring antennas

have been calculated and measured up to 95 GCH. The mixer experiments

have been conducted at X band and a conversion loss as good as 6.5 dB

has been obtained. Due to orthogonally polarized RF and LO, their

isolation is better than 30 dB and the cross-polarization rejection is

20 dB 1 5 . The University of Texas System is filing a U.S. patent on

this invention.

3.2 Planar quasi-optical subharmonic mixer

It is known that a bowtie antenna has a broad operating bandwidth

as demonstrated in use for a UHF television reception. This antenna

is. therefore, ideally suited for a quasi-optical subbarmonically

pumped mixer in which the local oscillator signal with one half the RF

signal frequency is used. In the proposed scheme, two antiparallel

mixer diodes are mounted between the two electrodes of the bowtie

antenna. The lF and LO signals with identical polarizations

illuminate the antenna and mixed-down IF signals are extracted by a

printed line or a coaxial from the ends of the bovtie. A simple

theory has been developed for the antenna characteristics and its

accuracy has been confirmed experimentally. For 14 GHE RF input, the

conversion loss was 8.6 dB and the same structure actually responded

for operation beyond 35 GHs. A properly scaled version is hence



expected to perform well at much higher frequencies.

3.3 Frequency doubler p

By using the subharmonically-pumped bowtie mixer described above

in a backward sense, the identical structure may be used as a

frequency doubler with a double sideband suppressed carrier. The

bowtie antenna loaded with two antiparallel mixer diodes is

illuminated by an LO signal. When an IF signal is injected, the

structure radiates a second harmonic signal. An efficiency of 1- 32

has been observed for a 14 CIs output1 7.

4. Printed Transmission Line Structure

For millimeter-wave circuits with the signal frequency up to at

least 140 Glz. printed transmission lines are used in the majority of

configurations. It is necessary, however, that a good choice of L

configuration must be made for a particular application. Printed

transmission lines other than the microstrip line are often more

desirable at higher frequencies. Finlines or E-plane circuits and L

suspended striplines are two of the examples preferred at millimeter-

wave frequencies. E-plane filters, suspended patch antennas and

finline discontinuities have been studied in the past three years.

4.1 E-plane filters

Several representative E-plane filter configurations are shown in

Fig. 4. These structures have been analyzed based on the residue

calculus technique1 8 and the generalized scattering matrix method 9

All of the structures in Fig. 4 can be handled by these techniques.

10
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First, the scattering characteristics of the edge of a fin are

obtained in a closed form from the residue calculus technique. Next.

the generalized scattering matrix technique is used to combine the .

scattering phenomena at two edges. This process results in the

generalized S matrix of the fin. Notice that interactions not only by

the dominant mode but by all the higher order modes are included.

Hence. the results are very accurate even for an extremcly narrow

fin. Next, the generalized S matrix of the first fin is connected to

that of the second fin by way of a generalized transmission matrix t.

containing all the modes. This process is repeated until the last fin

is included. The result is the generalized S matrix of the filter

structure. L

When a filter is designed. a computer optimization can be used in

which all the structural parameters are systematically adjusted until

the desired transfer characteristics result 2 0. Another approach based .

on a filter synthesis technique has recently been proposed21 . In this

approach a low-pass prototype filter has been used as a starting point

of synthesis2 2. and a substantial saving in computation time has been

attained.

4.2 Electromagnetically coupled patch antenna

One way to increase the performance of a patch antenna is to

elevate the patch from the ground plane. A structure studied in this

project is to place a rectangular patch on a substrate which is in

turn elevated from the ground plane. An inverted microstrip placed

underside of the substrate can excite this patch antenna by way of

electromagnetic coupling.

12
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The first attempt at this problem treated a special case where

the inverted strip feed terminated exactly below the edge of the

suspended patch and hence no overlapping section existed 2 3. The .

spectral domain method was used to characterize the inverted and

suspended line. From the results, the former is replaced with an

equivalent waveguide and the latter with an equivalent resonator both p

of which have magnetic side walls. Next. a simple theory based on the

reaction concept was applied to excitation of the hypothetical

equivalent cavity by a hypothetical equivalent vaveguide. The

calculated input impedance agreed well with experimental data.

The second analysis was done on the basis of transmission line

model and microwave network theory24. We recognize that the patch is L

an open-ended suspended strip resonator. The structure is divided

into three parts. Region I is the inverted microstrip line. Region II

is the overlapping section of the suspended line and an inverted line. L

and Region IV is th open-ended suspended line. In the analysis. the

4-port impedance matrix of Region II is calculated. Note that even .-

and odd modes do not exist in this region because the coupled lines

are nonsymmetric and inhomogeneous. Next the open ends of the

suspended patch are modeled with termination by quasi-static

capacitances and radiation conductances. The input impedance of the

system seen from the inverted microstrip in Region I can now be

calculated. The numerical results agreed well with the experimental

data and indicate that there are two optimum coupling lengths for this L_ -

particular set of structural parameters. . -

4.3 Overlay directional coupler

13
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It has been known that a microstrip directional coupler can be

made broadband by placing an overlay (superstrate). Surprisingly.

however, no full-wave analysis has existed. In this project, a

general layered printed coupled line has been analyzed with the

spectral domain method. A 10-dB overlay coupler was built according

to the design theory and the experimental results agreed well with

theoretical prediction2 5 .

4.4 Finline discontinuity L_

Although a fair amount of information is now available for

microstrip discontinuities, the situation is not true for other

millimeter-wave printed transmission lines 2 6 . This project deals with

a step discontinuity in a finline. The first step is to create a

resonator by inserting short-circuited walls at distances sufficiently

away from the discontinuity. The transverse resonance technique is L

used to derive a resonant frequency. We find three different

resonator sizes that give rise to the same resonant frequency. From

these lengths, the equivalent T or 7C network of the discontinuity is

evaluated. The results were compared with other available data 2 7.

This project will be carried over to the next period under a new . "

contract and cascaded discontinuities will be studied.

4.5 VLSI interconnect line

As the speed of digital circuit increases, the electromagnetic

nature of the pulse transmission will eventually appear. For

instance, at clock rates of 10 Gbits/sec. the clock harmonics are well

into the millimeter-wave range (30-300 GRs). In such a situation,

14 -
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traditional analyses for interconnect lines by distributed RC

network2 8  and a quasi-static capacitance matrix 2 9 encounter

limitations. The full-wave analysis based on the spectral domain

approach has been applied to a coupled pair of strips located at

different interfaces 3 0 . This method is capable of predicting -.

frequency dispersion of the line parameters and is useful for _

investigation of coupling between adjacent lines and the input and

output impedances.

5. Gain devices

A good solid state source is one of the most critical elements

for millimeter-wave integrated circuits, especially the one suitable

for monolithic integration. A distributed solid state source provides

an alternative to traditional lumped element devices. There are a

number of advantages. The deteriorated characteristics at higher

frequencies can be compensated for by accumulative effects.

Distributed inductance and capacitance may be embedded in a

transmission line typically formed by electrodes. Although these

devices have been conceived for a number of years, difficulty in

fabrication was not resolved until recently. With the advent of MBE

and other processing techniques such a -large- device can now be

fabricated.

Initially, we studied theoretically and experimentally a

distributed Gunn diode. In the device fabricated according to the

theory developed, the existence of the gain was confirmed. However.
-1

the series resistance in the ohmic contacted electrode was too great

to result in the device gain.

15:.
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Recently. Texas Instruments was successful in fabricating

distribute IMPATT diodes 3 1 . This structure (Fig. 5) has been analyzed

by means of Runge-Kutta techniques to solve coupled differential

equations describing the distributed IMPATT operation under a small

signal assumption. The results successfully explained the

experimental characteristics of the device3 2 .

Another approach for a high frequency source can be a

transmission line periodically loaded with IMPATT diodes. The diode

and the mounting structure have been first characterized as an

impedance post. The active impedance associated with the diode has

been obtained by means of a Runge-Kutta approach. The entire

structure has been analyzed by successive impedance transformation. A

resonant characteristic dictated by the period has been obtained.

The results need to be confirmed by experimental verification.

With increased frequency cutoff of an FET. it is important to

* characterize the device behavior accurately. An attempt has been

initiated to simulate the FET characteristics based on the finite

element analysis. This effort will be carried forward.

6. Slow-wave structures

Recently. the slow-wave phenomena have drawn considerable

attention in connection with monolithic microwave integrated

circuits 3 3 . Both MIS and Schottky contact microstrip and coplanar

structures have been analyzed under this program using the spectral

domain method. The slow-wave phenomena are caused by the loss

mechanism in the substrate. The slow-wave phenomena gradually

deteriorate and the attenuation increases as the frequency is

16
.................................................................... - ..
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increased. Use of periodic structures (Fig. 6) has been conceived for

extending the frequency range. It was found that the loss is smaller

and that the slow-wave phenomena is enhanced with an appropriate

choice of parameters.

Based on these analyses, a distributed electronic phase shifter

is proposed and analyzed. The present result shows that a 180 degree

phase shifter with a reasonable insertion loss may be possible in the

millimeter wave region34 .

7. Conclusions

In this report, we summarized the projects carried out under

sponsorship of DAAG29-81-K-0053. Some problems included in this

report require further investigation during the next contract period.

18
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A Quasi-Optical Polarization- Duplexed
Balanced Mixer for Millimeter-Wave

Applications
KARL D. STEPHAN, STUDENT MEMBER, IEEE, NATALINO CAMILLERI, STUDENT MEMBER, IEEE, AND

TATSUO ITOH, FELLOW, IEEE

,4Akct t-A.n teprated piarno al' m ter nuee010r tre at mil- semiconductor from which the mixer diodes are formed. A
meter-ee Ir s Is dmesra. A s e bt aeme tey . te working model tested at X-band gave a conversion loss of
do-ring anterms is appmedi to seveald experimemal deries Mixer oe-
siom loss of shou 6. dB was obtained froum X.m model. Mesed 6.5 ± 3 dB, and actual devices designed for use above 30
rdation Patterns of astmetes designed for 65 GI agree romonably WA GHz yielded antenna radiation patterns which agree with
with theory. the theory developed in this paper. Detailed discussion of

operation will begin with the antenna structure itself.1. INTRODUCTION

A S MILLIMETER-WAVE systems increase in com- II. SLOT-RING ANTENNA

plexity, a strong need arises to simplify each compo- The slot-ring antenna is one of a class of radiating
nent to the utmost extent. What may be a practical size for structures formed from a gap or hole in an otherwise
a single receiver front end (antenna, mixer, and associated continuous metallic sheet. The sheet may or may not be
waveguides) becomes highly impractical if one tries to backed on one side by a dielectric layer. In this paper, both
build an array of such receivers. The planar structure the conducting sheet and the dielectric are assumed to be
described in this paper combines the functions of receiving lossless. The slot-ring structure is the mechanical dual of
antenna and balanced mixer in one simple metallized pat- the more familiar microstrip-ring resonator (see Fig. 1).
tern on a dielectric substrate, which indeed can be the The microstrip ring is a segment of microstrip bent into a

loop; the slot ring is a segment of slot line bent into a loop.
Manuscript received May 5, 1982; revised June 21, 1992. This work was Slot line, first described by Cohn [I], has recently found

supported by U.S. Army Night Vision ad Electro-optics Laboratory application in millimeter-wave mixers (2]. The technique of
through the U.S. Army Research Office under Contract DAAG29-81-K- bonding mixer diodes across the slot results in a connec-
0053.

The authors are with the Department of Electrical Enagineerng. Univer. tion with minimum stray inductance. This advantage is
sity of Texas at Austin. Austin, TX 78712. utilized in the mixer to be detcribed.

0018-9480/83/0200-0164$01.00 01983 IEEE
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(a)(b

(c) (d) Fig. 2. Slot-ring feed method showing electric field in plane of device.

Fig. I. Comparison of (a) microstrip-ring and (b) slot-ring structures.
(c) Ground plane. (d) No ground plane. MAGNETIC

WALL

Like the microstrip resonator, the slot-ring structure's o ̂
resonant modes occur at frequencies for which the ring
circumference equals an integral number of guide wave-
lengths. To use the structure as an antenna, the first-order
mode is excited as shown in Fig. 2. Neglecting the other
modes for the moment, the impedance seen by the voltage
source will be real at resonance, and all the power de-
livered will be radiated. Three problems arise: 1) how to (a)
calculate the resonant frequency; 2) how to determine the |
ring's radiation pattern; and 3) how to find the input
resistance at resonance. OEN z. 0 z, z, OP--

A first-order estimate of the resonant frequency can be I _-.

derived from the transmission line equivalent circuit of the -b)
slot ring (Fig. 3). By placing a magnetic wall across the ring (b)
as shown in Fig. 3(a), we disturb nothing since the struc- Fig. 3. Transmission-line equivalent circuit of slot-ring antenna. (a)

wall the ring at With magnetic wall across slot ring. (b) Resulting transmission-line
ture is symmetrl. T permits opening circuit.
the point diametrically opposite the feed, since no current
flows through the wall. This operation yields the equivalent form analytically. The estimate chosen is
transmission-line circuif. shown in Fig. 3(b).

At the resonant frequency of the first-order mode, the E Ir)= !  for(rg<r<(r +i )
two lines are each a halLwave long electrically. Knowledge r . 2 2)2) ('
of the mechanical length'f(rn, where r, is the average ring E,(r) = 0 otherwise (2)
radius) and the velocity factor allows the calculation of 0.
resonance to within about 10 to 15 percent of the true (3)
frequency, even though the published tables for straight This simple choice satisfies the boundary condition that the
slot line [31 are used with the curved line shown in Fig. tangential electric field be zero on the metallic sheet, and
3(a). The smaller the relative gap g/r,,, the better the expresses the intuitively reasonable idea that, for narrow
estimate will be. For a more precise calculation, recourse gaps at least, the azimuthal field in the gap will be small
can be made to spectral-domain techniques such as in the compared to the radial field.
paper by Araki and Itoh [4J. Once the resonant frequency Define the (n + I)th order Hankel transforms of the
is determined for a particular application, both the radia- chosen function to be
tion patterns and the impedance may be found by means -
of the following analysis. ±) fJ IE(r)J± 1(ar)rdr

In [4], Araki and Itoh showed that if the tangential
elctric field was known on a cylindrically symmetric planar where J.(ar) is the nth-order Bessel function of the first

surface, the field could be Hankel-transformed to derive kind, and a is the Hankel-transform variable. Applying
the far-field radiation patterns from that surface. In their this to the chosen estimate, we find

case, the fi ids had to be calculated from estimates of the A,)f IJ ()d (5)
currents o. ,microstrip patch. In the present case, how- r±) a ± r
ever, a very simple estimate of the electric field in the slot
will yield a good evaluation of the antenna patterns and A )(a) = J., (ar) dr (6)
the radiation impedance.

In choosing an estimate of the field, care should be taken where we have called the inner and outer ring radii r, and
to insure that the functional form is easy to Hankel-trans- r,, respectively. This integral is easy to evaluate analyti-
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cally, through recursion relations given in published tables very small radiation impedance compared to that of the

[51. Assuming that all the fields vary as ej " *, and using the first-order mode, at its resonant frequency. The latter

saddle-point equations given in [31, we find that the far-field assumption may be justified [6] when the dielectric thick-
equations for E# and E, are ness is less than

E,( r,G, ) = koe - jJn *  (18)r [Eo(kosine)] (7) dn = 2k 0  (18)
-jkor~~ -R x

E,(,Otb) +koe -J  jM+leju* .. ..- " .- :

E,(r,0,*) =+ 2 cose [E, (kosin6)] Also, the equations assume that the metallic sheet extends
to infinity. Practical antennas always stop short of this, but

(8) the effects of a noninfinite conductor will appear as inac-

where linear combinations of the Hankel-transformed curacies only near 9 = 90* (edge view of the device).
estimates are used The third problem to be addressed is the radiation

impedance. A classic method easily yields this result. The
Eo(kosin0) = E(+)(k 0sin)- E(_)(kosin0) (9) terminal voltage can be found by integrating the assumed

kE(kosin0) = t(+)(kosin0)+ E,(-(kosin#). (10) field across the gap

The standard spherical coordinates r, 0, and 0 refer to the IVi = fdr (19)
point at which the fields are measured, r = 0 being the

center of the ng. The quantity ko is the wavenumber in
free space wol/ooo, and n is the order of resonance being IIn(r. ()
analyzed. In the case of interest, n - I and w - wo, the The total power radiated from the antenna with this volt-
resonant frequency. age at its terminals is obtained 17] with the aid of (7) and

Equations (7) through (10) apply to any tangential elec- (8) L
tric field in the plane containing the origin of the spherical
coordinate system. In order to treat the case of a finite -1VIE*12 +IE.12

thickness of dielectric, the estimated field must be trans- p-JfE I , (21)
formed through the dielectric layer so that the Hankel he Zf. (2-

transforms operate on the dielectric-air interface. In the where Zrs is the intrinsic impedance of free space.
Hankel-transform domain, this is a relatively easy process. Since the input impedance Zi at resonance is purely
Define d to be the thickness of the dielectric layer of resistive, the input power at the terminals equals the radia-
relative dielectric constant e, ted power

If we let
V

2

a = kosinO (11) 2" 2Zi. = P. (22)

I= - -a 2  (12) The factor of 2 in front arises from the fact that the L
2 '13' practical antenna is excited from only one point, but the

# 2 = - a (1/)field equations assume excitation of both orthogonal modes

f 2osa2d + J , sin #2d (14) in quadrature (cos9 + jsin6). Solving for Zin, we find
( 2sin 0 2d - jPPcos2d [In( )"

fha) sin 8d - jcosPad (15) Zin" P (23)
A (a) =02 cos,82d + jfl, sin 02d Z. P (23

then the Hankel-transformed fields at the dielectric-air Care must be taken to use the proper equations for E@ and
interface are given by E, on the dielectric and metal sides. This completes the

,(a) - [os2d+ (a).sin2d].[F+ +E_ 1 analysis of the antenna. Strictly spedking, the resistance
found in (23) applies only at the resonant frequency,

(16) although it will not vary appreciably for a small frequency
o(a) = R[osp2d-f(a).sin d]tL)(a)_-t,_)(a)]. range around resonance. The slot ring operated at its
•L 2 J + ()EJ first-order resonance is a fairly low-Q device, so neither

(17) precise impedance calculations nor exact resonant frequen-
Substituting these equations into (7) and (8) now gives the cies are vital to a serviceable design.
far-field expressions for the dielectric-coated side of the
slot-ring antenna. III. MIXER THEORY

It should be noted that this analysis assumes that only Discussion of the mixer theory will be limited to ex-
the first-order mode is excited, and that no higher order planations of the unique features embodied in the slot-ring
surface waves arise. The former assumption is justified in antenna mixer.
that the zero-order mode and all higher order modes have a The slot-ring antenna can support two independent

. .. .." -.
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first-order modes, just as the microstrip ring resonator can. V1.
This feature allows a form of polarization duplexing in
which two feed points, if separated by 908 along the ring, 2
can couple independently to horizontally and vertically
polarized waves, with little or no cross-coupling between
the feeds. For exact independence, the two orthogonal
feeds should each be balanced on diametrically opposite V..

sides of the ring (four feed points altogether), but the slight
imbalance caused by using only two feed points is small.

The basic operation of the mixer in a balanced, polariza-
tion-duplexed mode is illustrated in Fig. 4. The RF signal
arrives as a horizontally polarized plane wave incident
perpendicular to the antenna on the dielectric side. The LO

is vertically polarized, and can arrive from either Fig. 4. Antenna-mixer showing diode input voltages.

side of the structure. V and V, show the electric field
vectors on the antenna plane. By resolving each vector into
two perpendicular components, it is easy to see that mixer
diode D, receives l ....

VIA,- .1

while D2 receives

Vt. + V [ *.d. . L...

In effect, each diode has its own independent mixer circuit, Fig. 5. Quasi-optical test setup.
with the IF outputs added in parallel. The IF signal
appears as a voltage between the central metal disc and the
surrounding ground plane, and is removed through an RF as shown in Fig. 5. Horizontally polarized RF energy
choke. A double-balanced mixer with improved isolation entering from the left passes through the front filter with
can be made by adding two additional diodes D3 and D4, little attenuation, and is received by the antenna. The rear
as indicated. filter is oriented to reflect the horizontally polarized RF

The diodes can be treated independently because each wave, increasing directivity in the forward direction. Verti-
diode is at the zero-voltage node of the other diode's field cally polarized LO energy not absorbed by the antenna is
pattern. To evaluate the impedance seen by a single diode, blocked by the front filter and reflected back to the an-
we can examine the nature of the impedance Zi, in Fig. tenna, allowing a high degree of LO-RF isolation.
3(b). At the resonant frequency of the slot ring, the diode To summarize, polarization duplexing permits a bal-
will see the antenna's radiation resistance, typically about anced mixer configuration having inherently high LO-to-RF
250 Q. This impedance level is compatible with available isolation. Diode embedding impedances are easy to calcu-
diodes. At frequencies removed from resonance, the imped- late, and quasi-optical techniques can further enhance per-
ance presented to the diode will include reactance, but this formance.
variation is well-modelled by the transmission-line equiva-
lent circuit up to the frequency at which the slot is no IV, EXPERIMENTS
longer small compared to a wavelength For narrow slots, Various forms of the slot-ring structure have been con-
this can be 10 to 20 times the operating frequency. In structed and measured at frequencies ranging from 400
almost no other mixer structure is it so easy to calculate the MHz to 90 GHz. Due to equipment limitations, the only
impedance presented to the diode. Mixer performance is, direct measures of impedance were limited to large struc-
of course, very dependent on the diode embedding imped- tures below I GHz. These data are summarized in Table I.
ance at RF and LO harmonic frequencies and combina- The calculated resonant frequencies were found using ex-
tions thereof. As the order of resonance increases, the slot trapolations of the published tables 131 for the e, =12 case.
ring becomes an increasingly poor radiating structure, so For the c, - I cases, the average circumference was equated
little power will be radiated in the form of higher harmon- to the free-space wavelength for a first-order estimate,
ics. which turned out to be some 1 -percent low. The radiation

The antenna-mixer can be introdued in a quasi-optical resistances were calculated using the experimentally de-
arrangement in its present form with good LO-to-RF isola- rived resonant frequencies. Very good agreement was ob-
tion, because of the symmetry afforded by the balanced taned for the e, - I cases, and the 12-percent error for the
configuration. Additional improvement is easily achieved , - 12 case is partly due to the poor mechanical contact
by introducing grid-type polarization filters on either side, between the metal foil used as the conducting sheet and the

. ... . . . . . .
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TABLE I
SLOT-RING IMPEDANCE MEASUREMENTS

Structure Dimensions Calculated Values Measured Values

Inner Outer Dielectric Layer Resonant Radiation Resonant Radiation Radiation
Radius Radius Constant Thickness Frequency Resistance Frequency Resistance Q p
(cm.) (ca.) (Relative) (cu.) (MIlZ) (ohms) (MIz) (ohms)

7.7 8.2 1 -- 600 240* 675±2 235±10 5

7.7 7.95 1 -- 610 2440" 676±2 232-10 6.6

3.048 3.302 12 0.635 720 590*- 882±2 518±20 25.9

* At f - 660 1M1

* At I - 880 Idlz
0

-1 ..1.0

,10 -2 0
.. 30

//" , 'o

30 ,- 0L .

•/
/ I\: . !

2020

30,-, / , -i

2_0

0

Fig. 6. Calculated and measured H-plane patterns, 10-GHz slot-ring Fig. 7. Calculated and measured E-plane patterns, I0-GHz slot-ring
antenna. Inner ring radius- 0.39 cm, outer ring radius -0.54 cm, antenna. L
dielectric , - 2.23, thickness d- 0.3175 cm. All patterns are decibels
down from maximum. --. Calculated.-Measured. mixer input, since direct measurement was impractical. The

ratio of available RF input power to the measured IF
ceramic dielectric slab. Note that the radiation Q rises for output power delivered to a 10-MHz matching network
the higher dielectric, but is still tolerably low even for a gave the conversion loss reported in Table II. The 6.5±3
substrate having a dielectric constant near that of GaAs. dB figure compares not unfavorably to conventional mixer L "

. The next step taken was to build and measure a 10-GHz configurations. Depending on the effective diode imped-
model antenna mixer. Calculated and measured antenna ance, this could be improved further with impedance-
patterns are shown in Figs. 6 and 7. As anticipated, the matching circuitry or different ring dimensions.
predicted H-plane nulls in the plane of the device are Owing to lack of a suitable local oscillator source, no
partially filled in by attenuated surface waves. Overall actual mixer data is yet available in the millimeter-wave
agreement is good, especially the ratio of peak radiation range, but extensive antenna patterns were measured with
intensity on the dielectric side to the metal side. An in- a single detector diode (HP 5082-2264) mounted on the L
crease in either the resonant frequency or the dielectric ring feed point. Two different substrates were used. One
constant will tend to pull the excitation currents to the was 0.3-mm-thick alumina, which was coated with a layer
dielectric side, increasing the field intensity there. of gold about 2000 A thick. Gold wire rings were used as *1

Using the measured antenna patterns for the I0-GHz masks to block the evaporation, forming the slot rings. The
model, an approximate directivity on the dielectric side was other substrate was a polymer compound with precoated L
calculated to be 6.5 dB, which is typical of the rather broad copper on one side, removed mechanically to make rings.
patterns measured. The same antenna was then used to The antennas evaluated are specified in Table !II, and " 1
construct a balanced mixer of the type shown in Fig. 4. illustrated in Figs. 8 and 9.

The mixer with its LO excitation was placed in an RF field The alumina substrate was thin enough to avoid higher
of known intensity, and the directivity figure found above order surface waves at 65.2 GHz, its approximate design
was used to calculate the actual RF power available to the frequency. Calculated and measured patterns at this

..-.....-.......-. '..................-..-..................... .. .
,.. ..;,,. .. ... . . .. . , ... .. ..' .-, ""L " "', , "... , ," " " ". "-." ''." " "'.'',. "...'."" " ",." ..'..""".' ..
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.3.

0I

*Fig. 8. Alumina substrate mounted in antenna pattern setup.I

II

Fig. 10. Calculated and measured H-plane patterns, 65.2-GHz, alumina
substrate. Circle indicates lower measurement limit, below which Pat-

I. a

Fig. 9 Diode on plasti substrate. 10.

TABLE 11
MEAStRI I) ANTENNA-MIXER CHAR.ACTRISTICS

insin:Inner ring radius: 0.39 cm. 3

outer ring radlus: 0.54 .

DdeusD: ielectric: 0.31?j cm. thick, it 2.23 13

DoeusdNF Nt3413, (K 12 ohmns)

RF freq-ency: 10 G~z

IF frequency: 10 NMl

RF pclartzatior: Horizontal

U.- polarizaition: Vertical0

11-r..ed conorruton lco.s.: 8 dB 3 d9 Fig. 11. Calculated and measured H-plane patterns, 95.S-Gifz, alumina
L0- RIP I., t -1: (' substrate.
Rf Crou-pol-c :at i.n reject ion: 20 311

frequency are shown in Fig. 10. Although the first-order
mode radiation pattern does not predict the fine structure

TABLE III
MILLMITR-WAI AIINA DIENSONSseen, prominent features such as the nulls in the plane of

MILMTRWv. _____N DIMNSON the device and the peak field values are predicted quite
Amis Plastic accurately. Compare this pattern to the one in Fig. 11,

Subsrate Subsratetaken at 95.5 GHz. Higher order modes are evidently
Dielecric ~excited and surface waves have filled in the side nulls.

Cunstant 9.6 2.23
___ - --- ~ The plastic-substrate antenna was designed for 30 GHz,

Inner Ring Radius 0.045 cm. but equipment difficulties prevented pattern measurements
outer Ring Radius 0.0375 c. 0.070 cm. in that range. The measurements of the same antenna at
Substrate Thickness 0.03 cmi. 0.1588 cm. 65.2 GHz (Fig. 12) show effects of surface-wave excitation.
Calculated The period of the nulls on the dielectric side is consistent
Radiation 413 Q 390 fl with diffraction from the edges of the substrate itself,
Resistance at 65.2 G~lz a 65.2 G~z

Substate ~where surface waves emerge into the air.
Size 19ca. hidh F . Fig. 12 also shows that the feed method used does not

________L__ s-qua re Iinterfere significantly with the radiation patterns. In all



170 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES. VOL. MTfr-31, NO. 2. FEBRUARY 1983

.o REFERENCES

(I] S. B. Cohn. "Slot line on a dielectric substrate." IEEE Trans.
Microwave Theori Tech., vol. MTT-17, pp. 768-778, Oct. 1969.

0 (21 H. Ogawa. M. Akaike, M. Aikawa, T. Karaki, and J. Watanabe, "A
I 26-GHz band integrated circuit of a double-balanced mixer and

circulators," IEEE Trans. Microwave Theori Tech., vol. MTT-30. pp.
20 34-41. Jan. 1982.

,-3 E. A. Mariani, C. P. Heinzman, J. P. Agrios, atd S. B. Cohn. "Slot
' line characteristics," IEEE Trans. Microwave Theon Tech.. vol.

30 MTT-17, pp. 1091-1096, Dec. 1969.
141 K. Araki and T. Itoh, "Hankel transform domain analysis of open

circular microstrip radiating structures." IEEE Trans. Antennas
30 Propagat., vol. AP-29, pp. 84-89, Jan. 1981.
t0- [51 M. Abramowitz and 1. Stegun. Handbook of Mathematical Functions.

- - -, -. Washington, DC: U.S. Government Printing Office, 1972.
2161 R. F. Harrington. Time-Iiarmonic Electromagnetic Fields. New.20 York: McGraw-Hill, 1961, p. 169.

171 J. Kraus, Antennas. New York: McGraw-Hill, 1950, p. 28.

Karl D. Stephan (S'77-M'77-S'gl) was born in
Fig. 12. Measured patterns, 65.2 GHz. pjastic substrate. Dashed curve Fort Worth. Texas, on December 18. 1953. He

is without feed shield; solid curve is with feed shield, received the B.S. degree in engineering from the
California Institute of Technology, Pasadena, CA,
in 1976, and the M.Eng. Degree from Cornell

other tests, the detected signal was removed from the University, Ithaca, NY, in 1977.central a thin wire connected perpendicular In 1977 he joined Motorola, Inc. in Fort Worthpatch through and worked in VHF and UHF mixer and filter
to the device plane. After leading away from the antenna design. From 1979 to 1981 he was with Scien-
for 1-2 cm, the feed wire bends parallel to the substrate tific-Atlanta, Atlanta, GA, where he engaged in

The sadsdocurveuintFig.etelevisionisystems. in.research and development pertaining to cable
and leads to the output onnector.In 1981 he began graduate work at the University of
12 shows the effect of placing the insulated feed wire on Texas at Austin, where he is presently studying toward the Ph.D. degree.

the substrate and covering it with copper foil. The pattern Mr. Stephan is a member of Tau Beta Pi.
change is relatively small, indicating that the original non-
shielded feed was satisfactory. If the thin wire is not 4.
convenient mechanically, one alternative would be a
coplanar line at IF, intersecting the central disc in the Natalino CamiWeei (S'80) was born in St. Paul's
manner of a stick on a lollipop. A low-pass filter could be BayMalta.°nJanuary II, 1961. Hercceivedthe

mannerB.Sc. honours degree in electrical engineering
made of various sections of line with different impedances. from the University of Malta in 1980, and the

M.S.E. degree from the University of Texas at
V. CONCLUSIONS Austin in 1982.

He is now working as a Research Engineering
The slot-ring antenna-mixer has been shown to be a Associate with the University of Texas. His cur-

simple, practical component for use in quasi-optical receiv- rent interests are low-noise millimeter-wave re-
ing systems. A simple, but accurate, theory allows calcula- ceivers and millimeter-wave integrated circuits.

Mr. Camilleri is a student member of lEE
tion of the radiation pattern and feed-point impedance, (London).
including effects of the dielectric layer. The performance of
an X-band model was quite good for a first design attempt, 4-
and millimeter-wave measurements of structures on a
high-dielectric-constant substrate indicate the practicality Tatsuo Itoh (S'69-M'69-SM'74-F'82) received -" ."

the Ph.D. degree in electrical engineering fromof for ing such a device directly on a thin GaAs wafer- the University of Illinois, Urbana, in 1969.
Arrys f sch evies oul oen he ay o pasecohr-From September 1966 to April 1976 hewa

ent imaging of millimeter-wave fields at a focal plane. with the Electrical Engineering Department at
In addition to permitting image formation, arrays of the University of Illinois. From April 1976 to

August 1977 he was a Senior Research Engineer
devices will increase the overall system efficiency by pre- in the Radio Physics Laboratory, SRI Interna-
senting a larger effective aperture to typically large quasi- tional, Menlo Park. CA. From August 1977 to

June 1978 he was an Associate Professor at the
optical beams. University of Kentucky, Lexington. In July 1978

he joined the faculty at the University of Texas at Austin, where he is now
ACKNOWLEDGMENT a Professor of Electrical Engineering and Director of the Microwave

Thanks are due to L. Bui of Hughes Aircraft for pLaboratory. During the summer of 1979 he was a Guest Researcher at
provid- AEG-Telefunken. Ulm. West Germany.

ing the diodes used above 30 GHz, and to S. Sando of Dr. Itoh is a member of the Institute of Electronics and Communica-
NEC for providing the X-band mixer diodes. J. Miller and tion Engineers of Japan. Sigma Si, and Commission B of USNC/URSI,

He serves on the Administrative Committee of the IEEE MicrowaveDr. R. Shurtz of the Army Night Vision and Electro-optics Theory and Techniques Society. He is a Professional Engineer registered

Laboratory provided the X-bat.d detector diodes. in the State of Texas.

I



I

6-.- -

S.'

&

APPENDIX 2 -

1~-.~

1~

S

L

I

I.-



.':~~~~~~~~~~ --' ". .-. .. '' ...:7 '- '- '"" ; . -- " -"-- - --" -.' '"-

- TRANSACTIONS ON ICRtOWAVE TROaY AND TCHNIQUE, VOL wIT-31, NO. 2. FESIRUAzy 1983 135 p

Computer-Aided Design o:. Millimeter-Wave
E-Plane Filters

YI-CHI SHIH, STUDENT MEMBER, IEE, TATSUO ITOH, FELLOW, IEEE, AND L. Q. BUI

Aboba-ct-A computer-aided desn (CAD) alpith has been devel'
oied for a class of E-plane b.m fiterm. The analysis portlei of le Side view
algoethm is based on the resla.e-aldu techique ad a gefrazed (a)
scotaiterameter metd. It is istemcmlly exact and m a(a)

very efficient. iles Mlthsm a have been fabriated ad Cross-section Top view

tested in Ka-bend. Good alreement with desg has bee. obt ied. _ __ _

I. INTRODUCTION Circuit.

EVERAL FILTER CIRCUITS that are composed of a k.
)conductive sheet which is properly designed and sand-

wiched between the waveguide shells parallel to the E-plane _'__"

have been proposed recently [11-[51. The circuits are devel-
oped either on a metal sheet [11, [21 or on a bilateral fin-line ui.aterel i 7* 7*

[31-[51. In these filters, the slot widths are equal to the Septum Fir ,_.Z., .

waveguide height; thereby the structure really consists of _ _ _ _-_

several resonators separated by printed inductive strips.
Since the structures, especially those in forms of fm-lines,
are amenable to photolithographic techniques and only

straight line shapes are involved, they are highly suitable Sept ]
for mass production. Some design procedures have been
reported based on a number of methods such as mode-
matching techniques and variational techniques. These .-___"

methods have been applied only to metallic E-plane cir-
cuits or bilateral fin-line structures. I., tted rZF7
csThis paper presents a new efficient computer-aided de- septu. _.L.

sign (CAD) algorithm developed for a class of E-plane
bandpass filters. A unified treatment is introduced which (b)
applies not only to the purely metallic E-plane circuits and Fig. I. Class of E-plane filter structures. (a) Side view. (b) Cross section

the bilateral fr-line circuits, but also to the unilateral and and top view.

insulated fin-line circuits (Fig. 1). Since the analysis por-
tion of the algorithm is based on the residue-calculus limiting case of a single junction created by a semi-infinite
technique [6] and a generalized scattering parameter method septum in a waveguide is analyzed. This structure may be
[7J, it is mathematically exact and numerically very effi- analyzed exactly using the residue-calculus technique [6] to
cient, as the convergence is guaranteed. Filters thus design- obtain a closed-form expression for the scattering matrix.
ed have been fabricated and tested in Ka-band with good The second step is to calculate the scattering parameters
agreement with the design. for a finite-length septum. This is done by placing two

junctions back to back, and utilizing the concept of the
!I. THEoRY generalized scattering matrix [71, which takes into account

The CAD program consists of an optimization routine the interaction between junctions by not only the propagat-
and an analysis routine. We describe the analysis routine ing modes but also all the evanescent modes. Finally, to
first. The analysis is carried out in three steps. First, a combine several septums into a filter circuit, the gener-

alized S-matrix technique is applied again to obtain the
Manuscript received March 5. 1982; revised April 20, 1982. mhis work total scattering parameters of the composite structure.

was supported in part by the U.S. Army Research Office Contract
DAAG29-81.K-0053. L
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| ,hltIf marized in the following:

Metallic Well S,,(m, p) = - eV. - -
€-- /-Y. " + Y;)(., + yp --.

Its, ,S=m2 ,-(t_ ) ( , A , , ) C"- -"... .

0 Ea SODIUM (1a)

6O f r, Magnetic all H _m -- ( )

[Biateal e , (,,; .y m-;) f,< (0_

e Electric Wall
(Others I

Fig. ~~~ ~ ~ 3M P) Chratriato ef the edg Y;) s m (0) Gemtr.(; ati

4i~ _(Ic)

(a) P Le".Yyr.

S it ( " . .. . .

wa egid P )-de (f ( + )[S [S21] [S22] [S23] Fm' (V Y;+ . P

bi at1] f d [ [s 32] [S 3t] sif (m , " , - ) ( le).

(b) S2 (m, p)= eL(; + ,, . . . .
Fig. 2. Characterization of the edge of septum. (a) Geometry. (b) Matrix ( - )(

representation.

dielectric slabs as shown in Fig. 2(a). This is a generalized S13e(c P) 2 ,- HG e (04)1.'
structure for which values of the thickness and dielectric TM~ (y;V -) 7Pp.V1)
constant of each layer can be chosen to represent the gstructures in Fig. i(b). (Note that for the case of bilateral
fin-lines, a magnetic wall is introduced at the center of the L, = I V + V, )(In - ,)
waveguide and only the region above the magnetic wall is Fm (V, - V +V,")
considered. Such a region represents the upper half of the (hbilateral fin-line due to the symmetry of the structure.) It is y
then subdivided into three regions at the junction z = 0,(
with each region consisting of a uniform waveguide which S33(Mp - ( e( +" )(V+ ; e)(A " VZ')
possesses known eigenmodes and corresponding propaga- m. (Y_ - V V
tion constants. I

Assuming a TE 10-type incident wave, the excited fields (m, vy;"-F', G ad-
are composed of the TE..-type waves since there are no where
structural variations in the y-direction. Therefore, the exist- bL - In(!+- In(ing modal fields consist of only Ey, H., and H, compo- r b* ~~nents. The total fields in each region are then expanded in ~ (V ~)V'+V (~ ~
terms of the eigenmodes. After matching the tangential f( + i AY. o th

nique Yi y2=F

field components at z 0, and making use of the ortho- ISith F Vnit Len2h 7 +V Y

gonality of the eigenmodes, an infinite set of equations
*results. Since the existence of the stratified dielectric layer where yV, -('" and Vy,.. are the propagation constants of the

does not affect the edge condition of the septum, the ith mode in Regions 1, 11, and 111, respectively. F, G, and
equations are of the same form as that for a bifurcated H, are parameters determined readily for a given structure

* waveguide described in [61 and the scattering parameters of (see Appendix 1). The notation S,,( m, p) stands for the
the junction are obtainable by the residue-calculus tech- scattering coefficient of the mth order mode.
nique. ASpiitwt iieLntThe resulting scattering matrix has nine elements, each B etmwt iieLnt
of which is also a matrix of infinite dimension. The terms With the knowledge of the scattering parameters for a
in each element are of the form of an infinite produta single junction, the generalized scattering matrix tech-
multiplied by some constant coefficient. They are sum- nique is applied to obtain a two-port scattering matrix as

L
. . . . . . . . . . .. . * * - - . :1 . * * .- . - ---.

============== :: ::!::: i:. .:..: :! :! :,:!: : i :::.!:T i:: .: .-i .: .' .!:: . - -: 7: .. . . . . .:.".:::: :: . : 7 :! : ::::::: ::: : : ". :
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J.unctio I , ----u Jcion 2 where [1 and fO are the identity matrix and the zero
in V t' matrix, respectively, and the matrices [T2 1 and [T3 1 are of

?Z7Zzr77ZZ72?7, ,Z_ , infinite size and represent the wave propagating (for prop-
, {agation modes) or attenuating (for evanescent modes) for a

distance of w/2 in guided Regions 11 and III, respectively. --

S The combination of the transmission matrix along with S,
and S2 results in S, and S2

S'= TS, T (4)

5 =TS2T= S7. (5)

A further combination of S; and S; then yields the corn- pSposite scattering matrix S for the septum of length w,

viewed from I at z 0 and from F at z= w.

(a) C. Filter atructures

Septum A -- e - , spt, m For the final step of the analysis, several finite length
septums are cascaded with appropriate separations to form

Z a filter circuit. This is done by using the same techniques
I I I I used in Section II-B described above. The procedure de-

picted in Fig. 3(b) shows the cascading of two septums
represented by S. and ,b. The combination of S. and thetransmission matrix T results in matrix 9. which is further

combined with -. to yield , the total scattering matrix of
two septums with a separation of d. This procedure may be
repeated to obtain the scattering parameters of a filter
consisting of any number of septums.

III. DESIGN

Based on the above analysis, a computer program is
(b) developed to calculate the total scattering parameters for a

Fig. 3. S-parameter derivation. (a) For a single septum. (b) Cascaded filter structure with given design parameters. Although the
septum. analysis is formally exact, in practice the infinite product

in (1) and the infinite dimension of the elements in the
shown in Fig. 3(a). Suppose now that the TE-type wave scattering matrices need to be truncated. To obtain a very
from Region I is incident upon Junction 1. At this junc- accurate result for (1), at least 300 terms should be re-
tion, fields are reflected back into Region I, and trans- tained. The calculation of the products here is efficient,
mitted into Regions II and III. After traveling a distance w, since only readily known propagation constants are in-
part of the wave transmitted into Regions II and III is volved. Furthermore, this equation needs to be evaluated
reflected back and part is transmitted into Region I' at only once for a design assignment at each frequency point,
Junction 2. This process continues until the intensity of the since the scattering parameters of the semi-infinite septum
reflected wave dies out. The multiple-reflection phenome- depend only on the waveguide size and dielectric properties
non between Junctions I and 2 is implied in a matrix which are constant factors in a design. - -

manipulation which yields the scattering matrix for a finite For most applications, the fundamental mode is below
length septum. cutoff in the narrow waveguide section and all of the

Referring to Fig. 3(a), S, and S2 represent the scattering higher order modes are evanescent in the wide waveguide.
matrices for isolated Junctions I and 2 (i.e., for semi- Therefore, only the first few accessible modes [81 are essen-
infinite septums), respectively. From (I), we obtain the tially responsible for the coupling between resonators. For "
value of the elements in both matrices. Since the character- most cases, only two or three modes are required to de-
istics of these two junctions are essentially the same except scribe accurate scattering behavior. Notice that the number
for the opposite orientation, we have of modes considered here indicates the dimension of the

(2) matrices to be manipulated. The calculation includes a
number of complex matrix multiplications and inversions.

We now define the transmission matrix This analysis is efficient mainly due to the fact that only

r [J f] [01 10] two or three modes are required.
I 0 Based on the analysis program, an optimization corn-

T- (0] [T21 [0] (3) puter program applying the quasi-Newton method [91 ;s

L 101 101 [T3] used which varies the input parameters until a desired

.' . . .
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value of the insertion loss for a given bandwidth is ob- -, " - ' - -j. -i. j- -. ,,i-
tained. To do this, an error function F(x) to be minimized
is defined T

g (6) k..-
Resonator lenqths: Septun widths:

where N, and N are the number of frequency sampling d, - d, - 2.6594 on. w w6  1.6749 an
points in the stopband and passband, respectively, L, and I " .6

LP are the minimum stopband and maximum passband d2 ' d 4 . 2.620 m 2 - w. = 5.2
7

86 w.

attenuation levels, respectively, and 1S21, is the calculated d3  - 2.6195 run w 3 = w4 = 5.8564 mm-.

value of the filter attenuation. For a given thickness of the
dielectric, the parameters . to be optimized are the septum Sub.trate: fr/Duroid Waveguide: Height b = 3.556 mr.

lengths and resonator lengths. - 2.2 idth a - 7.11

To prevent the program from approaching nonrealizable r

or nonphysical results, upper and lower bounds of each Thickes, - 10 nil

parameter are specified Fig. 4. Design example (five-resonator Ka-band bilateral fin-line filter). t

x~~i < Xi < X~i- (7) 0---------

The constrained parameters are then reduced into essen- Calculoaion
tially unconstrained ones by the transformation 1101 .-.. ,,.n-.,

xt mx + ( - x,,)cot-'x (8) 5 3

Ti  I 1, 11 1, 1 1 A A" t

where - o < x'< oo, but only solutions within the range 3 39 40

0 <cot-' x < (9) FREQUENCY (GI)

" are allowed. This transformation has a penalizing effect o -----
upon the parameters in the vicinity of the upper and lower
bounds. 10,

For the optimization procedure, the first two modes in 0 -

each subregion are considered; the final design values are o
calculated with three modes. The total computing time for
optimizing a five-resonator filter was about 2 min on a ; 40

CDC Dual Cyber 170/750.13 - -- - -- - -- - -

IV. RV9ULTS AND DISCUSSION _ ,,___ ,__ ,,___,. .__
38 39 40

In an earlier publication 111], it has been pointed out FREQUENCY (GM)

that the Q-factor of insulated fin-lines is inferior to that of (b)
bilateral fin-lines. Therefore, in this study, bandpass filters 0 , .
have been designed using only bilateral and unilateral ,o
fin-line configurations. Some typical designs for Ka-band
applications are shown in Figs. 4, 6, and 7 fabricated on 0 0o

RT/Duroid substrates. Notice that the resonators are very 30 -

weakly coupled by wide septums. In such cases, the septum -s

cannot be represented by simple shunt-inductance equiva- ,' ''

lent circuits. Instead, it has to be represented by an equiva- c " !
lent T network [1]. Since the equivalent circuits are useful L
in conventional circuit design and are helpful for good .,
initial guesses in the optimization procedure, this topic is , , I0
discussed briefly in Appendix II. FREQUENCY (GH0)

,*? The five-resonator filter design in Fig. 4 is a bilateral (€)
fin-line in which the hatched portion indicates metal on Fig. 5. Frequency responses for the filter in Fig. 4. (a) Expanded view of
both sides of the substrate. The center frequency is 38.85 insertion loss. (b) Insertion loss characteristics. (c) Return loss char-

OHz, the 0.1-dB ripple bandwidth is 1.1 GHz, and the uteristics.
skirt selectivity at 500 MHz away from either edge of the
passband is - 40 dB. Measured characteristics of this filter response curves agree extremely well. Measured insertion
are shown in Fig. 5. Computed responses are also plotted loss in the passband is less than 1.3 dB of which 0.3 dB is

* for comparison. Shapes of the calculated and measured associated with the test fixture. The measured center

" " ... :: :::!:: : .1
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• I
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Q
3 ,

- 30 39 40

FREQUENCY (GHt)

(a)

0of - --

* I
o

hi*-30 I

Fig. 6. Three-resonator Ka-band bilateral fin-line filter. Resonator 401 1 .... I ...

length: di - d3 = 2.6559 mm, d2 - 2.6187 mm. Septum width: w, - w4  38 39 40
- 1.7230 mm; w2 - w3 - 5.3628 mm. FREQUENCY (GHZI

---- COcIltiOn
-Measurement

0 ...... .. . (b )
Fig. 8. Three-resonator Ka-band unilateral fin-lne filter. Calcula-

I tion. - Measurement.

3 I tor filter has the following specifications and dimensions: L-3 -,t. .
Resonator lengths d, = d = 2.1568 mm, d2 = 2.0879

V4 -mm;
I . Septum widths w,-w 4 = 2.3325 mm, w2 =w 3 =

36 39 40 6.8718 mm;
FREQUENCY iGHI Passband 39.0-39.7 GHz, Chebyshev re-

(a) sponse with 0. i-dB ripple; and
0/ --- -------- "Skirt selectivity -20 dB at 500 MHz away from

The easredresltspassband edge.
_j to- The measured results in Fig. 8 show about 2-dB insertion
Z "loss in the passband and about 200-MHz downward shift0

for the center frequency.

20 In the experiments performed, the measured center fre-
-.......... ... J . .. ..... . , quencies are always lower than the calculated values. The

38 39 40 deviations range from 170 MHz to 300 MHz. One cause of
FREQUENCY IGM,) this shift is due to the way the filter is assembled. To

--- Calculation0

-Mesourtemnt support the substrate in the waveguide, lO-mil-deep grooves
(b) are machined into the top and bottom walls. An experi-

(b) mental study on this effect shows that within the quarter-
Fig. 7. Frequency responses for the filter in Fig. 6. (a) Expanded view of m ent h range th e e et h o ve is mad, the mre

inbertion loss. (b) Insertion loss characteristics. --- Calculation. wavelength range, the deeper the groove is made, the more
Measurement. the center frequency will shift down. In addition, another

possible source of the discrepancy is the finite thickness of
frequency is shifted to the lower side by about 170 MHz the metal fin. The thickness effect is minor at this frequency
which is less than 0.5 percent of the center frequency. since the thickness of the copper cladding on the substrate

Fig. 6 shows a photograph of a three-resonator Ka-band is about 0.5 mil. However, it will become an important
bilateral fin-line filter printed on a 10-mil-thick RT/Duroid factor for higher frequency applications, such as W-band
substrate. The design specifications for this filter were the circuits. These effects are currently under study.
same as those for the last one except for a decreased skirt From the experiments, it has been observed that the
selectivity of - 20 dB. The measured results in Fig. 7 show insertion loss of a unilateral fin-line filter is always greater
that the insertion loss is less than 0.8 dB in the passband, than that of a bilateral filter for similar design specifi- L
including the fixture loss. The calculated and measured cations. One possible explanation is that the dielectric loss L 71
frequency responses again agree well; however, the mea- of the unilateral filter is greater, while the conductor loss is
sured center frequency is shifted down by about 300 MHz. about the same in both cases. In the case of bilateral

Bandpass filters have also been developed in unilateral fin-lines, little energy can penetrate into the very narrow
fin-line configurations. A typical design for a three-resona- space between the strips. Therefore, the energy is mainly ."-

:'- " " " " -" - ' ,"- --" "i " : "'i- ii -]' i ."ii-, . ' ' - I 7 " ,'ii ii~ " . 'i', ." " '. II "I i'ii L"" -
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;oupled through the wider empty waveguide section. In tae Bilateral Fin-Line Structures
unilateral case, the energy is coupled about evenly through
the empty guide and the partially dielectric-filled guide = Acos .b (A4a)
region. Obviously, more dielectric loss is encountered in I
this case. By the same reasoning we can surmise that the F-( -)1  - n2i
conductor loss is about the same for both cases. Although F. b (A4b)

the bilateral structure has copper cladding on both sides of
the substrate, there is essentially no current flowing on the Gn-(- )aV-!!n (A4c)
inner surface facing the dielectric. It is thus equivalent to a
conducting strip with current flowing on the outer surface where
of both sides as in the unilateral case. Of course, these
statements are strictly conjectural; further study is needed A. = b + sin 4,bcos C,,b
to verify them. This conjecture would also be applicable to
the case of insulated fin-lines versus bilateral fin-lines.

Another point worth mentioning is the sensitivity of the +( sin 7,ccos c icose b 2 -1/2
filter structure to mechanical tolerances. Calculations show III sin %c '
that for both cases, the center frequency shifts about 100
MHz if the fabrication error in resonator length is I mil. and where J, and %, are x-components of nth order wave-
Also, if the dielectric substrate is shifted in the broadwall number in the dielectric and the air region, respectively.
direction (x-direction) from its centered position, the filter's Unilateral Fin-Line Structures
center frequency falls. This effect is much more noticeable
with the unilateral structure. Therefore, the bilateral struc- H. = A.C. sin %lc (A5a)
ture shows more promise from a constructional viewpoint. F. - B.snV (A5b)

V. CONCLUSIONS -sin "eA

We presented an efficient CAD algorithm based on an G. = (- i)I •n. " (A5c)
exact analysis for a class of E-plane bandpass filters. ' c c

"" Filters for Ka-band applications have been fabricated based
on the present design. Measured characteristics agree well where

with theoretical data. Extensive experiments show that the = r [d -sin n e,osVeL
bilateral construction is more promising than the unilateral AV nc
structure.

APPENDIX 1 + 172e2 ( 2 
1e1 + cos 2 "e ,

EXPRESSIONS FOR Hf, F, AND G, '1! j2

The coefficients H., F, and GI are related to the struc- ( sin i.ccosqc \ + 2sin Jne 2
ture geometry and the field distribution in Regions I, II, + C -c + C.
and IlI, respectively. They are derived from the overlap- 7

-1/2 "o ping integrals sin(Al) %e Isin qnc + cs 2e -c/%

J,.(x).O."(x)dx = (Ac)

0 HG',n, im(sin n1e os ne2 + sin fne 2 cos %he,-

f 0.(x).ni(x) dx =(A2) sinc ?In"

wee ( ,ad ( 2 n v sin 71' e ,cos l' e'
where 0,(x), 0,1(x), and 0!1(x) are the ith order orthonor- B 4f e-
mal eigenfunctions for the E,. fields in Regions 1, 11, and
II. respectively (refer to Fig. 2). The expressions for H,. F,, s 21/2 L( sinl 'e2 (sin -q' e' ,..

and G, of different geometries are given in the following. + e2- sin e"

Metallic E-Plane Structure and where ff. and %/(%') are the nth order wavenum-
2 inrb ber of dielectric (air) part in Regions I and I!, respectively.

H Va a 
APPENDIX 11

r2- nr bEQUIVALENT CIRCUIT OF A STRIP

TThe equivalent T network for a finite-length septum is
-1 n# shown in Fig. 9. The values of the normalized reactance xsGI ( - c (A3c) and x are to be calculated from the scattering parameters

. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .I-. . . . . . . . . . . . . . .. . . . . . . . . . . . .
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~. I..where I is the identity matrix. By equating the elements in
the matrix on both sides, x, and x.are uniquely de-

A$ instermined

Li JE1I SI 1w~ 2S2  (All1)
(a) 1

I l-S 12 +StI
jx A ~2  (A12)

0

1. 4 22Fig. 9 shows the calculated values for x, and xp, as a

~ ~ Tfunction of septum length w with frequency as parameters.
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IMPATT Diode In the Travelling-wave Mode *
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Abstract

An analysis of a realistic model of distributed IMPATT structures is
described. Wave equations are solved with all losses included. The
results show that net gain is produced at frequencies just above the ava-
lanche resonance, while the propagation becomes slow at high frequencies.
The results compare favorably with experiment.
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Introduction

An IMPATT diode is an attractive source at millimeter-wave frequencies

because of its feasibility of producing a large power. However, as fre- tV

quencies become higher, it tends to be difficult to use sufficient device

area mainly because thinner depletion layer is required for IMPATT opera-

tion. A travelling-wave structure is one way of efficiently utilizing

larger area of the device [1-3]. The electromagnetic wave travelling

along pn junction draws some energy out of dc current and is therefore

amplified.

The most elaborate theoretical treatment of such a structure so far was

done by Franz et.al. [4]. However, their model was still too simplified

because inactive layers were all assumed to be perfect conductors and tne

avalanche region in the depletion layer was assumed to be infinitesimally

thin. At mm-wave frequencies, however, the effect of the finite conduc-

tivities of these inactive regions is important. They contribute to loss

and affect phase constants of the device.

In the present work, a complete set of differential equations governing

both wave propagation and avalanche multiplication is solved with bounda-

ry conditions including the finite conductivities of the metal contacts.

Small-signal assumption is made, and results are presented for a GaAs dou-

ble-drift IMPATT diode. Computed gain and propagation constants are com-

pared with experimental results published by other authors. They are

qualitatively in agreement.

Theory

The structure to be studied is a one dimensional multilayered wavegulde

( Fig.1 ), where materials change only in the x direction. In the figure,

• .J.

1



if a single-drift diode is considered, two center regions ( n and p )

should be replaced with a single material. Also, it should be noted that

the metal contact is usually made of a couple of different conductors. In

such a structure the dominant propagating mode is a TM mode, which has

only the y component of magnetic field and the x and z components of elec-

tric field. The expressions of these components in the inactive regions

are obtained in a usual way.

In the IMPATT medium, the governing differential equations are as fol-

lows [4,5]:

2a E BJV E -v(v'E) - , - =0

at2  at

4q

v'E =- ( ND - NA + p - n )

an 1

at q 
.n 

n

ap 1 .-(-V'dp + lin Ilp )OW I'-

at q n p

(1)

where

E : electric field J : conduction current

J electron current : hole current
n• .

ND : donor concentration NA : acceptor concentration

n : electron concentration p : hole concentration

* genaration rate for electrons P:genaration rate for holes

q unit charge permittivity p : permeability

2
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Each variable quantity is decomposed into dc and ac ( or rf ) parts and

V. solved separately. For example,

ExeEx xOC E '

It is reasonable to consider that only x-component of dc electric field

exists, therefore dc equations are solved in a similar way as presented by

Misawa [6]. This also determines the thickness of the space-charge region

(active region ). Using the solution of dc equations, ac equations are

solved with boundary conditions which require Hy and Ez to be continuousyl

at each boundary.

Calculations in the active region are done by finite difference method,

and 100 steps are usually sufficient for accurate calculations because the

field functions are smooth.

Results

The parameters chosen for the numerical calculations are shown in Table

1. The structure consists of 8 layers and is very similar to the one used

in the experiment made by Bayraktaroglu et.al. [7].

The computed results for gain and propagation constants are presented

in Fig. 2 and 3, respectively. As frequency becomes lower and approaches

to the avalanche resonance, gain increases and the wave propagation

becomes faster. In these figures, dotted lines indicate the results for

the special case that the depletion region is replaced by a lossless mate-

rial. Propagation becomes slow wave in this case. Each curve asymptoti-
L .

cally approaches to the dotted line at high frequencies, since the device

deviates from the IMPATT operation.

3
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Fig. 4 shows the comparison of the present theory and the experimental

results obtained in [7]. The device was used as an oscillator with one

end open and the other short. In the figure, white dots (o) show the actu-

al device lengths and the oscillation frequency obtained in the exper-

iment, and black dots (.) show one-third of the actual device length (

i.e., they are considered to be oscillating at three-quarter wavelength ).

Three solid curves indicate the theoretical quarter wavelength where net

gain is produced in the device. They are In good agreement except two

black dots where higher order resonance (3X/4) takes place and the actual K

terminatineg condition might be more prominent to affect the oscillation

frequencies.

Finally, Fig. 5 shows how gain changes with respect to the dc current.

As the dc current increases, the gain also increases but suddenly goes to

a large loss at certain point. This fact qualitatively agrees with the

results of power measurements for the conventional IMPATT diodes [8).

Conclusion

Wave propagation phenomena in the travelling-wave IMPATT diode were

analyzed numerically, and reasonable results were obtained. It was shown

that the propagation was slow wave at high frequencies, but became fast as

approaching to the avalanche resonance of the IMPATT medium. The mech-

anism of producing the fast wave is not yet clear, and investigation is

currently being made.
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List of figures

Fig. 1 travelling-wave double-drift IMPATT diode .

Table I parameters used in numerical calculations

Fig. 2 gain versus frequency Curves are shown for 3 different DC cur-

rent densities.

Active region is replaced by a lossless material.

/.. : t- ko

Fig. 3 propagation constant versus frequency L.

Active region is replaced by a lossless material.

r o

Fig. 4 oscillation frequency versus length of device 3 solid curves

show theoretical results where net gain is positive.

o : experiment ( X/4 ) [7] L

* : experiment ( 3X/4 )

Active region is replaced by a lossless material.

Fig. 5 gain versus OC current
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COPLANAR SCHOTITKY VARIABLE PHASE SHIFTER
CONSTRUCTED) ON GaAs SUBSTRATE FOR

MILLIMETER-WAVE APPLICATION*
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A Schottky contact variable phase shif ter constructed on
either uniformly or periodically doped GaAs substrate is
discussed in details. The device can operate at millimeter-
wave frequencies with reasonably low attenuat ion.

Key words: phase shif ter. coplanar waveguide. slow wave.
millimeter-wave integrated circuit

A millimeter-wave integrated circuits has drawn more
interests because of its compact size and reliability, and
studies have been done for various device components. In
order to realize this kind of integration, it is essential
to have accurate means to design each device component.
Also, it is preferrable that the device has a simple struc-
ture.

A mtal I-insulator-seiconductor (HIS) coplanar wave-
guide has recently studied as it has a slow-wave characte-
ristic (1-3). The rate of slow-wave propagation depends on
the thickness of the insulator region. Therefore if the

*Work supported by the Office of Naval Research under .

0 Contract 100014-79-0053. Joint Service Electronics Program
under Grant 149620-82-C-0033., and US Army Research Office.
under Contract D&AG29-81-K-0053.
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Schottky contact is used in this structure, the phase shift
in the device can be electronically controlled (4). This
structure is suitable for integration because of its simple
form, and also, the coplanar configuration makes it easy to
connect other circuit components both in series and paral-
lel. However, various studies so far show that these
devices have increasing attenuation as the operating fre-
quency becomes higher, which makes the application of such
a device at =-wave frequencies difficult. To reduce such
attenuation, we recently introduced a periodic structure
where undoped substrate sections are inserted periodically
(5). This structure has an advantage of reducing the loss
as well as extending the range of slow-wave propagation at
high frequencies.

The present paper discusses the optimum conditions for L
both uniform and periodic Schottky contact coplanar wave-
guides as variable phase shifters. Under such conditions.
it is possible to achieve 1800 phase shift at mm-vave
frequencies without significant attenuation.

depletion layee sesi-Insulstd
(depth a,) 9ustrste

a

I...'..

MRSed egion

b L

Figure 1. Schottky coplanar waveguide
a Cross-sectional view
b Top view of Schottky periodic coplanar

vaveguide
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Theoretical Calculation

The structure under discussion is shown in Fig.l.
Fig.la shows the cross section of the Schottky coplanar
waveguide. To analyze this structure, an efficient point-
matching method is introduced (5). In order to utilize
this method, the depletion layer of the Schottky contact
needs to be modeled by a lossless layer with the same
constant thickness extending in the horizontal direction.
The relation between the DC bias voltage and the thickness
of the depletion layer can be calculated by the well known
equation (4). Since the depth of the depletion layer is
small and the field is confined under the center conductor.
the error introduced by this model is considered to be .
negligible. Typically, 25 matching points and 500 basis
functions were used for most calculations in this paper.
It takes about 20 seconds for the calculation of both
propagation constant and characteristic impedance. Fig.lb
shows the top view of the periodic structure. In order to
analyze this structure, this point-matching method is used L
twice for both doped and undoped sections to obtain propa-
gation constants and characteristic impedances, and then
Floquet's theorem is used to calculate the overall charac-
teristic of the periodic structure. The method was proven
to be accurate and justified by experiment (5).

Onti mum On eration

The important parameters to be considered for an
optimum operation condition, are the dimensions of the
coplanar waveguide. the conductivity and the thickness of
the doped region, and the depletion layer thickness. It is
known that. at a fixed frequency, there is a certain value

7. of the conductivity of the doped region that yields a
maximum range of slow-wave frequency region (3). This
conductivity also gives a minimum attenuation over the
certain range of conductivity. Therefore it is first impor-
tant to choose an impurity concentration of the doped
region so that the conductivity becomes this optimum value.
However, the impurity level is limited to a certain value,
because the breakdown voltage becomes low when the impurity
concentration is large. For this reason, a useful value of
the conductivity of the% doped region in GaAs substrate is -

limited up to 10 to 10' S/n.

I. VI.-
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Figure 2. Behavior of the optimum conductivity vith F,,__
respect tO the thickness of the doped region.-H-we"r'oucurve A ,.. d2 = 0.5 microns

B ... 1.0 ":'''
C ... 10.0 "'-

Fig.2 show. the behavior of this optimum conductivity ; -:

at 10 cHz Three curves are drawn to show the effect of -
the thickness of the doped region d2. It is interesting
that increased value of d2 shifts the point of minimum ---.

attenuation to the left. i.e. the optimum conductivity is
lowered. Al s the minimum value of the attenuationconstant is slightly lowered. Therefore it is necessary to ;' -

set d2 to a proper value. This tendency, however,disappears when d2 exceeds a certain value. e.g. 10 microns -

in this case. The attenuation constant also depends on
width of both the center conductor and the slot. Fia,3 ':'

shows this dependence. The relation is simple: the narrower
the widths, the lower the attenuation. However our'.'i"
calculation does not include the effect of conductor loss."--"
and it is expected that having a very narrow centerL

conductor causes large attenuation. Also there is limit
on the slot width because the breakdown voltage of the

There is one more parameter to consider: depletion !:::
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layer thickness di. The thickness d1 is determined by the
DC bias voltage, and as ye discussed earlier, it changes
the phase shift of the device. However, it also changes
the attenuation constant. This is inherent to this struc-
ture. but it is desirable to keep this change as smal l as
possible. Fig.4 is drawn for 2 different values of di.
The figure shows that the small values of dl yields large
attenuation. Also, the point of minimumt attenuation moves

asa dl changes. This means that we would like to use point
A rather than B to keep the total change in attenuation
small.

According to the above discussion, we can now con-

struct a model for the optimum operation of the Schottky --
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Figure 4. Dependence of the attenuation constant on
the depletion layer thickness

Ca = 1.0 micron. b =1.5 microns. d2 z 10.0
microns. 10 GE )
upper curve . d 0.02 microns
lower curve .0.1

variable phase shif ter. Various constants for GaAs sub-
strate used in our calIcul1at ion are shown in Tabl1e 1. The
width of the center conductor of the coplanar waveguide is

micrn). n t

chosen to be 2 microns (al m . cas doping
density in the doped region z3 x 10 -c.. which
yields the conductivity of 4.1 xd1 4 S/in, gives the lowest
attenuation. This value gives a calculated maximum deple-
tion layer thickness of d. .0.12 microns when the DC
bias voltage becomes V~ ;Y.9 V. which is the maximum
voltage that can be applied in this situation (breakdown
voltage).

Using these values, the length of the device required
for 1800 phase shift and the total attenuation in the
device are calculated. The depth of the depletion layer is
varied from 0.03 to 0.09 microns, which corresponds to
adjusting V from 0.2 to 1.7 V. The results are shown in
wig.5. This figure is drawn as follows,, for each value of
b. the total device length required for 1800 phase shift is

a.e l'.

tinlae tikns o l_ ..... micron.............
b~svlaebcmsV 8.V vh h she aium-- .
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Table 1. Various constants for GaAs substrate used
in the calculation

dielectric constant 13.0
mobility 8500 cm2 V-sec
breakdown field intensity 4.0 x 10" V/m
impurity density (doped region) 3.0 x 1017 /,m3.
depth of doped region (d2) 10 microns

calculated based on the propagation constant optained by
our theoretical calculation. The total attenuation is then
obtained by multiplying the attenuation constant by the
device length. The curves show that when the slot width
becomes narrower, the total attenuation becomes smaller in
spite of the longer device length required. The figure also
shows that the total attenuation is smaller for the perio-
dic structure compared to the uniform device. However this
advantage becomes less when the slot width becomes very
narrow. The performance of the periodic structure could 71have been much better if the conductivity of the doped
region were higher. We could not do this because of the low
breakdown voltage of GaAs. Alsoebecause of the same
limitation, we can not meet the last condition given in the

10.0 10.0

i 11
1 .0o uniform .0

0.1 0.

.e 10.0 b dlaUr

Figure 5. Required length for 1800 phase shift and the
total attenuation in the device
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Figure 6. The total attenuation in the device at "
various operating frequencies

previous section: minimize the variation of the attenuation
constant over the operating DC bias voltage. Therefore, if
a better substrate material were used, the improvement of
the performance would be possible.

Finally, the total attenuation is plotted as a
function of frequency in Fig.6. For a fixed frequency, the
required device length is calculated, and the total atte-
nuation is then computed for that length. At 40 GEz and
for b=1.5 microns, the calculated attenuation is 1.27 dB
for the uniform device and 1.20 dB for the periodic device.
Although these figures do not include conductor loss, they -
indicate quite satisfactory performance of these devices at
i-wave frequencies.

~!..:U.±-A

An optimum set of conditions for low loss operation of
the coplanar Schottky phase shifter was discussed. Under
such conditions, a model vas simulated by numerical compu-
tation. Using a GaAs substrate, it was shown that these
devices could be used in =-wave frequency range, although

" ~~~~~~~. .. ... . .. .. ..-...................-... ............. ..... ............. _... .... .... . .. * " -. ... ,°
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the advantage of using a periodic structure becomes less

under these conditions.
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